12 United States Patent

Komatsu et al.

US009606336B2

US 9,606,336 B2
Mar. 28, 2017

(10) Patent No.:
45) Date of Patent:

(54)

(71)
(72)

Z00M LENS AND IMAGING APPARATUS
Applicant: FUJIFILM Corporation, Tokyo (IP)

Inventors: Daiki Komatsu, Saitama-ken (JP);
Nobuaki Toyama, Saitama-ken (JP)

(73)

(%)

Assignee: FUJIFILM Corporation, Tokyo (JP)

Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 1534(b) by 219 days.

Notice:

(21)
(22)

Appl. No.:

Filed:

14/328,782

Jul. 11, 2014

Prior Publication Data

US 2015/0015969 Al Jan. 15, 2015

(65)

(30) Foreign Application Priority Data

................................. 2013-146209

Jul. 12, 2013 (JP)

(51) Int. CL

GO2B 15/17
GO02B 15/173
GO02B 15/167

(2006.01
(2006.01

(2006.01

LN N

U.S. CL
CPC

(52)
GO2B 15/17 (2013.01); GO2B 15/167
(2013.01); GO2B 15/173 (2013.01)

Field of Classification Search

CPC .... GO2B 15/14; GO2B 15/163; G02B 15/167;
GO02B 15/17

USPC 359/687-688, 684

See application file for complete search history.

(58)

(56) References Cited

U.S. PATENT DOCUMENTS

6,545,818 B2* 4/2003 Usul ...cooovevvnnn.. GO2B 15/173
359/683
7,505,213 B2* 3/2009 Tsutsumi ............. GO2B 15/173
359/684

8,300,320 B2 10/2012 Kodaira
8,570,662 B2* 10/2013 Eguchi ................... GO02B 15/17
348/340
8,879,164 B2* 11/2014 Horl ..., GO02B 15/173
359/683
8,988,786 B2* 3/2015 Shimomura ......... GO02B 15/173
359/683
9,001,433 B2* 4/2015 Toyama ................. GO02B 13/18
359/686

(Continued)

FOREIGN PATENT DOCUMENTS

JP 09-15501 1/1997
JP 10-31157 2/1998
(Continued)

OTHER PUBLICATIONS

Geary, Joseph M. Introduction to Lens Design: With Practical

/EMAX Examples. Richmond, VA: Willmann-Bell, 2002. 23.
Print.*

Japanese Ofhicial Action—2013-146209—Aug. 16, 2016.

Primary Examiner — Zachary Wilkes

(74) Attorney, Agent, or Firm — Young & Thompson

(57) ABSTRACT

A zoom lens includes: a first lens group having a positive
refractive power which 1s fixed while changing magnifica-
tion; two or more movable lens groups that move indepen-
dently from each other while changing magnification; and a
final lens group having a positive refractive power which 1s
fixed while changing magnification, provided in this order
from an object side. The zoom lens satisiying Conditional
Formula (1) below:

1.30<k/(Yimg-tan 6)<2.37 (1).
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FIG.3
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FIG.4
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FIG.5
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1
Z.00M LENS AND IMAGING APPARATUS

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims priority under 35 USC
§119 to Japanese Patent Application No. 2013-1462009, filed
on Jul. 12, 2013. The above application i1s hereby expressly
incorporated by reference 1n its entirety, into the present
application.

TECHNICAL FIELD

The present mnvention 1s related to a zoom lens for use in
clectronic cameras such as a digital camera, a video camera,
a broadcast camera, a cinematic camera, and a surveillance
camera. The present invention 1s also related to an 1maging
apparatus equipped with the zoom lens.

BACKGROUND ART

Wide angle zoom lenses for use 1n electronic cameras, and
particularly, wide angle zoom lenses for use 1n broadcast
cameras, are disclosed 1n Japanese Unexamined Patent Pub-
lication Nos. 9(1997)-015301 and 2012-0138177. However,
there are not many known wide angle zoom lenses for use
in cinematic cameras, which have larger imaging elements
than those of broadcast cameras.

In addition, the number of pixels 1n 1imaging elements for
cinematic cameras 1s increasing. However, there are not
many known high performance zoom lenses which are
compatible with such imaging elements. Japanese Unexam-
ined Patent Publication No. 10 (1998)-031157 discloses a
high performance zoom lens having a five group configu-
ration for use in broadcast cameras.

DISCLOSURE OF THE INVENTION

However, it cannot be said that the first lens group of the
zoom lenses disclosed i Japanese Unexamined Patent Pub-
lication Nos. 9(1997)-015501, 2012-013817, and 10(1998)-
031157 are sufliciently mimaturized, although the image
s1zes thereol are rot overly large. Particularly 1n recent years,
imaging styles have become varied, demand for portable
zoom lenses 1s increasing, and lenses which are compact and
lightweight in view of large mage sizes are desired. Particu-
larly, wide angle zoom lenses, which have not yet been
proposed, are desired.

The present invention has been developed in view of the
foregoing circumstances. It 1s an object of the present
invention 1s to provide a compact, light weight, and high
performance zoom lens that has a wide angle of view. It 1s
another object of the present invention to provide an 1mag-
ing apparatus equipped with such a zoom lens.

A first zoom lens of the present invention comprises:

a first lens group having a positive refractive power which
1s fixed while changing magnification;

two or more movable lens groups that move indepen-
dently from each other while changing magnification; and

a 1inal lens group having a positive refractive power
which 1s fixed while changing magnification, provided in
this order from an object side;

the zoom lens satistying Conditional Formula (1) below.

1.30<A/(Yimg-tan 0)<2.37 (1)

wherein h 1s the height at which a chief ray of light having
a maximum image height enters a first surface at a wide
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angle end, Yimg 1s the maximum 1mage height, and 0 1s the
half angle of view at the wide angle end.

Here, 1t 1s preferable for the first lens group to comprise
a 11 lens group having a negative refractive power, a 12 lens
group having a positive relfractive power, and a 13 lens
group having a positive refractive power; and for the 12 lens
group to move to perform focusing operations.

A second zoom lens of the present invention comprises:

a first lens group having a positive refractive power which
1s fixed while changing magnification;

two or more movable lens groups that move indepen-
dently from each other while changing magnification; and

a final lens group having a positive refractive power
which 1s fixed while changing magnification, provided in
this order from an object side;

the first lens group comprising a 11 lens group having a
negative refractive power, a 12 lens group having a positive
refractive power, and a 13 lens group having a positive
refractive power;

the 12 lens group moving to perform focusing operations;
and

the zoom lens satisfying Conditional Formula (2) below.

1.530<n1a<1.670 (2)

wherein nla 1s the average refractive index of the 11 lens
group with respect to the d line.

In the first and second zoom lenses, the movable lens
groups may be a second lens group having a negative
refractive power and a third lens group having a negative
refractive power, provided in this order from the object side.
Alternatively, the movable lens groups may be a second lens
group having a negative refractive power, a third lens group
having a positive refractive power, and a fourth lens group
having a negative refractive power, provided in this order
from the object side.

In addition, it 1s preferable for Conditional Formula (3)
below to be satisfied.

1.95<13/f1<3.00 (3)

wherein 11 1s the focal length of the first lens group, and
113 1s the focal length of the 13 lens group.

In addition, 1t 1s preferable for Conditional Formula (4)
below to be satisfied.

~2.20<f11/¥img<-1.50 (4)

wherein 111 1s the focal length of the 11 lens group, and
Yimg 1s a maximum image height.

In addition, it 1s preferable for the 12 lens group to
comprise two pairs of cemented lenses.

In addition, it 1s preferable for the two pairs of cemented
lenses of the 12 lens group to be a cemented lens formed by
a positive lens and a negative lens, and a cemented lens
formed by a negative lens and a positive lens, provided 1n
this order from the object side.

In addition, it 1s preferable for the surface most toward the
object side within the first lens group and the surface toward
the object side of the lens second from the object side to be
aspherical.

In addition, it 1s preferable for Conditional Formula (1-1)
below to be satisfied.

1.70<A/(Yimg-tan 6)<2.37 (1-1)

In addition, 1t 1s preferable for Conditional Formula (2-1)
below to be satisfied.

1.530<n1a<1.665 (2-1)
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In addition, it 1s preferable for Conditional Formula (3-1)
to be satisiied, and more preferable for Conditional Formula

(3-2) to be satisfied.

2.10<f13/1<2.90 (3-1)

2.20<f13/1<2.80 (3-2)

In addition, 1t 1s preferable for Conditional Formula (4-1)

to be satisfied, and more preferable for Conditional Formula
(4-2) to be satisfied.

~2.10</11/¥img<—1.60 (4-1)

~2.00<f11/¥img<—1.65 (4-2)

An 1maging apparatus of the present invention i1s charac-
terized by being equipped with the zoom lens of the present
invention.

Note that the expression “comprises” means that the zoom
lens of the present invention may also include lenses that
practically have no power, optical elements other than lenses
such as an aperture stop, a mask, a cover glass, and filters,
and mechanical components such as lens flanges, a lens
barrel, an 1maging element, a camera shake correcting
mechanism, etc., in addition to the lens groups which have
been listed as constituent elements.

In addition, the surface shapes of lenses as well as the
signs of the refractive powers of lenses are considered in the
paraxial region for lenses that include aspherical surfaces.

The first zoom lens of the present invention comprises the
first lens group having a positive refractive power which 1s
fixed while changing magnification; two or more movable
lens groups that move independently from each other while
changing magnification; and the final lens group having a
positive refractive power which 1s fixed while changing
magnification, provided in this order from an object side. In
addition, the first zoom lens of the present invention satisiies
Conditional Formula (1) below. Therefore, 1t becomes pos-
sible to realize a compact, lightweight, and high perfor-

mance zoom lens having a wide angle of view.
1.30<A/(Yimg-tan 0)<2.37

(1)

The second zoom lens of the present invention comprises:
the first lens group having a positive refractive power which
1s fixed while changing magnification; two or more movable
lens groups that move independently from each other while
changing magnification; and the final lens group having a
positive refractive power which 1s fixed while changing
magnification, provided in this order from an object side.
The first lens group comprises a 11 lens group having a

negative refractive power, a 12 lens group having a positive
refractive power, and a 13 lens group having a positive
refractive power, and the 12 lens group moves to perform
focusing operations. In addition, the zoom lens satisfies
Conditional Formula (2) below. Therefore, 1t becomes pos-
sible to realize a compact, lightweight, and high perfor-
mance zoom lens having a wide angle of view.

1.530<nla<1.670

(2)

The i1maging apparatus of the present invention 1s
equipped with the zoom lens of the present invention.
Therefore, the 1imaging apparatus can be designed to be

compact and lightweight, 1s capable of 1maging with a wide
angle of view, and can obtain video having high image

quality.
BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 15 a collection of sectional diagrams that illustrate
a first example of the configuration of a zoom lens according
to an embodiment of the present invention (which 1s com-
mon with Example 1).
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FIG. 2 1s a diagram that 1llustrates the paths of light rays
that pass through the zoom lens according to the embodi-

ment of the present imvention (which 1s common with
Example 1).

FIG. 3 1s a collection of sectional diagrams that 1llustrate
the configuration of a zoom lens according to Example 2.

FIG. 4 1s a collection of sectional diagrams that illustrate
the configuration of a zoom lens according to Example 3.

FIG. 5 1s a collection of sectional diagrams that 1llustrate
the configuration of a zoom lens according to Example 4.

FIG. 6 1s a collection of sectional diagrams that illustrate
the configuration of a zoom lens according to Example 5.

FIG. 7 1s a collection of sectional diagrams that illustrate
the configuration of a zoom lens according to Example 6.

FIG. 8 1s a collection of sectional diagrams that 1llustrate
the configuration of a zoom lens according to Example 7.

FIG. 9 1s a collection of diagrams (A through L) that
illustrate aberrations of the zoom lens of Example 1.

FIG. 10 1s a collection of diagrams (A through L) that
illustrate aberrations of the zoom lens of Example 2.

FIG. 11 1s a collection of diagrams (A through L) that
illustrate aberrations of the zoom lens of Example 3.

FIG. 12 1s a collection of diagrams (A through L) that
illustrate aberrations of the zoom lens of Example 4.

FIG. 13 1s a collection of diagrams (A through L) that
illustrate aberrations of the zoom lens of Example 5.

FIG. 14 1s a collection of diagrams (A through L) that
illustrate aberrations of the zoom lens of Example 6.

FIG. 15 1s a collection of diagrams (A through L) that
illustrate aberrations of the zoom lens of Example 7.

FIG. 16 1s a schematic diagram that 1llustrates the con-
figuration of an 1imaging apparatus according to an embodi-
ment of the present invention.

BEST MODE FOR CARRYING OUT TH.
INVENTION

(Ll

Herematter, embodiments of the present invention will be
described 1n detail with reference to the attached drawings.
FIG. 1 1s a collection of sectional diagrams that illustrate the
configuration of a zoom lens according to an embodiment of
the present invention. FIG. 2 1s a diagram that 1llustrates the
paths of light rays that pass through the lens of FIG. 1. The
example of the configuration 1llustrated 1n FIG. 1 and FIG.
2 1s the same as the configuration of a zoom lens of Example
1 to be described later. In FIG. 1 and FIG. 2, the left side 1s
the object side and the right side i1s the image side. In
addition, FIG. 2 1llustrates an axial light beam wa and a light
beam wb at a maximum angle of view.

As 1illustrated 1 FIG. 1 and FIG. 2. This zoom lens 1is
constituted by a first lens group G1 having a positive
refractive power which 1s fixed while changing magnifica-
tion, two or more movable lens groups (a second lens group
(G2 and a third lens group G3 1n the present embodiment)
that move independently from each other while changing
magnification, an aperture stop St, and a final lens group (a
fourth lens group G4 1n the present embodiment) having a
positive refractive power which 1s fixed while changing
magnification, provided 1n this order along an optical axis Z
from the object side. Note that the aperture stop St does not
necessarily represent the size or the shape thereof, but the
position thereol along the optical axis Z.

When this zoom lens 1s applied to an 1maging apparatus,
it 1s preferable for a cover glass, a prism, and various {ilters,
such as an infrared cutofl filter and a low pass {ilter, to be
provided between the optical system and an imaging surface
Sim, depending on the configuration of the camera to which
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the lens 1s mounted. Therefore, FIG. 1 and FIG. 2 illustrate
an example 1 which a plane parallel plate shaped optical
member PP that presumes such filters 1s provided between
the lens system and the imaging surface Sim.

The first lens group G1 comprises a 11 lens group G11
having a negative refractive power, a 12 lens group G12
having a positive refractive power, and a 13 lens group G13,
provided in this order from the object side. The 12 lens
group G12 1s configured to move to perform focusing
operations. By adopting such a configuration, variations 1n
the angle of view due to focusing operations can be sup-
pressed.

In addition, the zoom lens is configured to satisty Con-
ditional Formula (1) below. By the value of h/(Yimg-tan 0)
not exceeding the upper limit defined 1n Conditional For-
mula (1), the diameter of the 11 lens group G11 can be
prevented from becoming excessively large, which contrib-
utes to miniaturization and a reduction 1n weight. In addi-
tion, a configuration in which the value of h/(Yimg-tan 0) 1s
not less than the lower limit defined 1n Conditional Formula
(1) 1s advantageous from the viewpoint of correcting field
curvature and distortion. Note that more favorable properties
can be achieved 1f the zoom lens satisfies Conditional
Formula (1-1) below.

1.30<A(Yimg-tan 6)<2.37 (1)

1.70<}/(Yimg-tan 6)<2.37 (1-1)

wherein h 1s the height at which a chief ray of light having
a maximum i1mage height enters a first surface at a wide
angle end, Yimg 1s the maximum 1mage height, and 0 1s the
half angle of view at the wide angle end.

In addition, the zoom lens i1s configured to satisty Con-
ditional Formula (2) below. By the value of nla not exceed-
ing the upper limit defined 1n Conditional Formula (2), the
specific weight of glass materials can be prevented from
becoming excessively large, which contributes to a reduc-
tion 1n weight. In addition, a configuration in which the
value of nla 1s not less than the lower limit defined in
Conditional Formula (2) 1s not only advantageous from the
viewpoint of correcting field curvature and lateral chromatic
aberration, but also can prevent the outer diameter and the
thickness of the 11 lens group G11 from becoming exces-
sively large, which contributes to mimaturization and a
reduction 1mn weight. Note that more favorable properties car,

be achieved it the zoom lens satisfies Conditional Formula
(2-1) below.

1.530<n1a<1.670 (2)

1.530<n1a<1.665 (2-1)

wherein nla is the average refractive index of the 11 lens
group with respect to the d line.

In the zoom lens of the present embodiment, an example
1s being described 1n which the second lens group G2 having
a negative refractive power and the third lens group G3
having a negative refractive power, provided in this order
from the object side, are the movable lens groups. Alterna-
tively, the zoom lens having a five group configuration as a
whole, 1n which the movable lens groups are a second lens
group having a negative refractive power, a third lens group
having a positive refractive power, and a fourth lens group
having a negative refractive power, provided in this order
from the object side.

In addition, 1t 1s preferable for Conditional Formula (3)
below to be satisfied. A configuration 1n which the value of
113/11 does not exceed the upper limit defined 1n Conditional
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Formula (3) 1s not only advantageous from the viewpoint of
correcting spherical aberration and field curvature, but also
advantageous from the viewpoint ol correcting spherical
aberration and field curvature during focusing operations,
and further can suppress variations in the angle of view
during focusing operations. In addition, by the value of
113/11 1s not less than the lower limit defined 1n Conditional
Formula (3), variations in the angle of view during focusing
operations can be decreased, and the amount of movement
necessary to perform focusing operations can be prevented
from becoming excessively large, which contributes to min-
1aturization and a reduction 1 weight. Note that more
favorable properties can be achieved 1f the zoom lens
satisfies Conditional Formula (3-1) below, and more prei-
erably Conditional Formula (3-2) below.

1.95</13/f1<3.00 (3)

2.10<f13/f1<2.90 (3-1)

2.20<f13/f1<2.80 (3-2)

wherein 11 1s the focal length of the first lens group, and
113 1s the focal length of the 13 lens group.

In addition, it 1s preferable for Conditional Formula (4)
below to be satisfied. A configuration in which the value of
111/Yimg does not exceed the upper limit defined 1n Con-
ditional Formula (4) i1s not only advantageous from the
viewpoint of correcting astigmatism, field curvature, and
distortion, but also can prevent the diameters of the 12 lens
group G12 and the 13 lens group G13 from becoming
excessively large, which contributes to miniaturization and
a reduction in weight. In addition, a configuration 1n which
the value of 111/Y1mg 1s not less than the lower limit defined
in Conditional Formula (4) 1s advantageous from the view-
point of correcting spherical aberration and field curvature.
Note that more favorable properties can be achieved 1f the
zoom lens satisfies Conditional Formula (4-1) below, and
more preferably Conditional Formula (4-2) below.

~2.20<£11/¥img<-1.50 (4)

~2.10<f11/¥img<—1.60 (4-1)

—~2.00<f11/¥img<—1.65 (4-2)

wherein 111 1s the focal length of the 11 lens group, and
Yimg 1s a maximum image height.

In addition, 1t 1s preferable for the 12 lens group to
comprise two pairs ol cemented lenses. By adopting such a
confliguration, variations in spherical aberration, longitudi-
nal chromatic aberration, and lateral chromatic aberration
during focusing operations can be suppressed.

In this case, 1t 1s preferable for the two pairs of cemented
lenses of the 12 lens group to be a cemented lens formed by
a positive lens and a negative lens, and a cemented lens
formed by a negative lens and a positive lens, provided 1n
this order from the object side. Such a configuration 1s
advantageous from the viewpoint of correcting longitudinal
chromatic aberration and lateral chromatic aberration.

In addition, it 1s preferable for the surface most toward the
object side within the first lens group and the surface toward
the object side of the lens second from the object side to be
aspherical. By adopting such a configuration, correction of
astigmatism, field curvature, and distortion 1s facilitated, and
such a configuration 1s also advantageous from the view-
point of miniaturization.
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In the present zoom lens, a specific preferred material of
the component provided most toward the object side 1s glass.
Alternatively, a ftransparent ceramic material may be
employed.

In the case that the present zoom lens 1s to be utilized in
an environment in which the zoom lens 1s likely to be
damaged, 1t 1s preferable for a protective multiple layer film
coating to be administered. Further, a reflection preventing
coating may be administered in order to reduce the amount
of ghost light during use, 1n addition to the protective
coating.

In addition, FIG. 1 illustrates an example i which the
optical member PP 1s provided between the lens system and
the imaging surface Sim. Alternatively, various filters such
as low pass filters and filters that cut ofl specific wavelength
bands may be provided among each of the lenses instead of
being provided between the lens system and the imaging
surface Sim. As a further alternative, coatings that have the
same functions as the various filters may be administered on
the surfaces of the lenses.

Next, examples of numerical values of the zoom lens of
the present imvention will be described.

First, the zoom lens of Example 1 will be described. FIG.
1 1s a collection of sectional diagrams that 1llustrate the lens
configuration of the zoom lens of Example 1. Note that the
optical member PP 1s also illustrated, the left side 1s the
object side, the right side 1s the 1mage side, and the aperture
stop St 1n the drawings do not necessarily represent the size
or the shape thereof, but the position thereol along the
optical axis Z, in FIG. 1 and FIGS. 3 through 8 that
correspond to Examples 2 through 7 to be described later.

The zoom lens of Example 1 1s constituted by the first lens
group 1 having a positive refractive power which 1s fixed
while changing magnification, two the second lens group G2
that moves while changing magnification, the third lens
group G3 that moves while changing magmfication, and the
fourth lens group G4 (final lens group) having a positive
refractive power which 1s fixed while changing magnifica-
tion.

Basic lens data are shown in Table 1, data related to
various items are shown in Table 2, data related to the
distances among movable surfaces are shown 1n Table 3, and
aspherical surface coeflicients are shown in Table 4, for the
zoom lens of Example 1. In the following description, the
meanings of the symbols in the tables will be described for
Example 1. The meanings of the symbols are basically the
same for Examples 2 through 7.

In the lens data of Table 1, 1th (1=1, 2, 3, . . . ) lens surface

numbers that sequentially increase from the object side to
the 1image side, with the lens surface at the most object side
designated as first, are shown in the column Si1. The radi1 of
curvature of 1th surfaces are shown in the column Ri, the
distances between an 1th surface and an 1+1st surface along
the optical axis Z are shown 1n the column Di. The refractive
indices of jth (=1, 2, 3, . . . ) optical elements that
sequentially increase from the object side to the 1mage side,
with the optical element at the most object side designated
as first, with respect to the d line (wavelength: 587.6 nm) are
shown 1n the column Ndj. The Abbe’s numbers of the jth
optical element with respect to the d line are shown 1n the
column vdj. The partial dispersion ratios of jth optical
clements (1=1, 2, 3, . . . ) that sequentially increase from the
object side to the image side, with the optical element at the
most object side designated as first, are shown 1n the column

Ogk.
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Note that the partial dispersion ratio OgF 1s represented by
the following formula.

0gF=(Ng—NF)/(NF-NC)

wherein Ng 1s the refractive index with respect to the g
line, NF 1s the refractive index with respect to the F line, and
NC 1s the refractive index with respect to the C line.

Here, the signs of the radi1 of curvature are positive 1n
cases that the surface shape 1s convex toward the object side,
and negative 1n cases that the surface shape 1s convex toward
the 1mage side. The aperture stop St and the optical member
PP are also included in the basic lens data. Text reading
“(aperture stop)” 1s indicated along with a surface number 1n
the column of the surface numbers at the surface corre-
sponding to the aperture stop. In addition, DD [1] 1s indicated
in the column of the distances for distances that change
while changing magnification. In addition, the lowermost
value 1n the column D1 1s the distance between the surface
of the optical member PP toward the image side and the
imaging surface Sim.

Table 2 shows the values of the zoom magnification rates
of the entire system, the focal lengths ' (mm), the back focus
Bf', F values (F No.), the angles of view (2m), at the wide
angle end, at an intermediate position, and at the telephoto
end, respectively, as well as the maximum 1mage height at
the wide angle end, as the data related to various 1tems.

In the basic lens data, the data related to various items,
and the data related to the movable surfaces, am are used as
the units for lengths and degrees are used as the umts for
angles. However, 1t 1s possible for optical systems to be
proportionately enlarged or proportionately reduced and
utilized. Theretfore, other appropriate units may be used.

In the lens data of Table 1, the symbol “*” 1s appended to
the surface numbers of aspherical surfaces, and numerical
values that represent the paraxial radin of curvature are
shown as the radi1 of curvature of the aspherical surfaces.
The data of Table 4 related to aspherical surface coeflicients
show the surface numbers of the aspherical surfaces and
aspherical surface coeflicients related to the aspherical sur-

faces. The aspherical coeflicients are the values of coetli-
cients KA and Am (m=3, 4, 5, . .., 20) in formula (A) below.

Zd=C-H/{1+(1-K4-C*-H)Y 2 Y+ ZdAm-H™

(A)

wherem: Zd 1s the depth of the aspherical surface (the
length of a normal line from a point on the aspherical surface
at a height h to a plane perpendicular to the optical axis 1n
contact with the peak of the aspherical surface), h 1s height
(the distance from the optical axis), C 1s the mverse of the
paraxial radius of curvature, and KA and Am (m=
3,4, 5, ..., 20) are aspherical surface coetlicients.

TABLE 1

Example 1: Lens Data

Ndi Og, I
Sl Ri (Re- vd (Partial
(Surface (Radius of Di fractive  (Abbe’s Dispersion
No.) Curvature) (Distance) Index) Number) Ratio)
*1 409.9270 4.5006 1.58313 59.38 0.5435
2 31.9478 17.0179
*3 106.6254 2.9991 1.74400 44,78 0.5656
4 30.0422 14.4978
5 —-52.2008 2.2991 1.65160 58.55 0.5427
6 67.6585 6.1233 1.53172  48.84 0.5631
7 198.7908 4.9704
8 139.4689 10.3618 1.80400  46.58 0.5573
9 —-96.4727 DD [9]
10 299.2196 8.9693 1.51742 5243 0.5565
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TABLE 1-continued

Example 1: LLens Data

Sl
(Surface
No.)

OG0 ] Oyt s ) b

0 I N B SN I (N B N N (N B (N (O
-] & ha P ) b — O

28
29 (aperture
stop)
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Ndi
R1 (Re-
(Radius of Di fractive
Curvature) (Distance) Index)
-66.0762 3.9994  1.84661
-106.4066 0.1491
107.8632 2.5000  1.88100
48.5554  10.7557 1.49700
-310.8769 DD [15]
—-11732.3504 6.5205 1.49700
-67.8512 0.1490
193.0989 2.6893  1.43%75
30544.0697 DD [19]
624444  3.0001 1.58913
43.1799 6.0889
—-176.8246 1.1993  1.68893
46.0137 3.3263
55.5904  3.6577 1.78470
-556.6621 DD [25]
-69.9641 1.1991 1.60300
44.5306 2.3725  1.80000
106.1842 DD [28]
¢ 1.2990
61.1821 2.9929  1.80100
-4779.0028 0.1492
674770 19.7929 1.61800
-30.4084 1.2003  1.90366
08.6984  9.2684
72.3486 43177 1.85002
-51.8177 2.0606
35.2035 6.3115  1.49700
-31.6712 1.2010  1.88100
26.8368 2.0274
47.8031 7.3291 1.48749
—-18.9526 1.1991 1.91082
8343.9540 0.1502
90.6666 7.3503 1.48749
—-23.7246 0.0000
G 2.3000  1.51633
% 29.9940
TABLE 2

vd
(Abbe’s
Number)

23.778

40.14
81.54

81.54
94.93

01.14
31.07
26.29

05.44
29.84

34.97

03.33
31.32

32.40

81.54
40.14

70.23
35.25

70.23

04.14

Example 1: Items (related to d line)

Og, F]
(Partial

Dispersion

Ratio)

0.6207

0.5701
0.5375

0.5375
0.5343

0.5407
0.6004
0.6136

0.5402
0.6018

0.5864

0.5441
0.5948

0.5986

0.5875
0.5701

0.5301
0.5822

0.5301

0.5353

Z.oom Ratio

f

Bf

F No.
20 [7]
h
Yimg

Wide Angle End Intermediate
1.00 1.49
14.203 21.162
31.510 31.510
2.71 2.71
98.2 72.4
38.470
15.75
TABLE 3

Example 1: Zoom Distances

Telephoto End

1.95
27.695
31.510

2.71
58.0

DD [9]

DD
DD
DD
DD

15
19,
25
28

Wide Angle End Intermediate
8.921 8.921
3.935 3.935
1.500 29.121
14.635 3.103
33.513 17.425

Telephoto End

8.921
3.935
41.635
5.194
2.819
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TABLE 4

Example 1: Aspherical Surface Coeflicients

Surface No. 1 Surface No. 3

KA 1.00000000E+00 KA 1.00000000E+00
A3 -4.62278307E-06 A4 -4.86286556E-06
A4 6.14778261E-06 A6 -&.77554561E-10
AS —1.92932204E-08 AR 1.34711999E-11
A6 -3.67925408E-09 A10 -4.96075731E-14
A7 3.35087759E-11 Al12 1.15033129E-16
AR 1.57495428E-12 Al4 ~1.60626594E-19
A9 1.17528821E-15 Al6 1.22990998E-22
Al0 -4.54994700E-16 AlR -4.17694414E-26
All -5.04502281E-18 A20 2.65204259E-30
Al2 —1.45086775E-20

Al3 8.02307748E-22

Al4 4.58656163E-23

AlS 1.06535667E-24

Alé6 1.09653575E-26

Al7 —2.54537928E-28

AlR -1.34715266E-29

Al19 -1.70590216E-31

A20 8.57519103E-33

A through L of FIG. 9 are diagrams that 1llustrate various
aberrations of the zoom lens of Example 1. The spherical
aberration, the astigmatic aberration, the distortion, and the
lateral chromatic aberration of the zoom lens of Example 1
at the wide angle end are 1llustrated in A through D of FIG.
9, respectively. The spherical aberration, the astigmatic
aberration, the distortion, and the lateral chromatic aberra-
tion of the zoom lens of Example 1 at an intermediate focal
distance are illustrated 1n E through H of FIG. 9, respec-
tively. The spherical aberration, the astigmatic aberration,
the distortion, and the lateral chromatic aberration of the
zoom lens of Example 1 at the telephoto end are 1llustrated
in I through L of FIG. 9, respectively.

The diagrams that i1llustrate spherical aberration, astig-
matic aberration, and distortion show aberrations related to
the d line (wavelength: 587.6 nm). The diagrams that
illustrate spherical aberration show aberrations related to the
d line (wavelength: 587.6 nm), aberrations related to the C
line (wavelength: 656.3 nm), and aberrations related to the
F line (wavelength: 486.1 nm), as solid lines, broken lines,
and dotted lines, respectively. In the diagrams that 1llustrate
astigmatic aberrations, aberrations 1n the sagittal direction
are 1ndicated by solid lines, while aberrations 1n the tangen-
tial direction are indicated by dotted lines. In the diagrams
that 1illustrate lateral chromatic aberration, aberrations
related to the C: line (wavelength: 656.3 nm) and aberrations
related to the F line (wavelength: 486.1 nm) are shown as

broken lines and dotted lines, respectively. In the diagrams
that 1llustrate spherical aberrations, “Fno.” denotes F values.

In the other diagrams that illustrate the aberrations, “w”
denotes half angles of view.

Next, a zoom lens according to Example 2 will be
described. FIG. 3 1s a collection of sectional diagrams that
illustrate the lens configuration of the zoom lens of Example
2.

The zoom lens of Example 2 1s constituted by a first lens
group 1 having a positive refractive power which 1s fixed
while changing magnification, a second lens group G2
having a negative refractive power which moves while
changing magnification, a third lens group G3 having a
negative refractive power which moves while changing
magnification, and a fourth lens group G4 (final lens group)
having a positive refractive power which 1s fixed while

changing magnification.
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In addition, basic lens data of the zoom lens of Example
2 are shown 1n Table 5, data related to various items of the
zoom lens of Example 2 are shown in Table 6, data related
to the distances among movable surfaces of the zoom lens of

12
TABLE 6-continued

Example 2: Items (related to d line)

Example 2 are shown in Table 7, data related to aspherical 5 Wide Angle End — Intermediate lelephoto End
surface coellicients of the zoom lens of Example 2 are 20 [°] 99 8 74.0 50 4
shown 1n Table 8, and various aberrations of the zoom lens h 38.550
of Example 2 are shown i A through L of FIG. 10. rimg 1575
TABLE 5 10
TABLE 7
Example 2: Lens Data
Ndi 00 Fi Example 2: Zoom Distances
1 g, ]
S1 Ri (Re- vd]j (Partial Wi .
ide Angle End Intermediate Telephoto End
(Surface (Radius of Di fractive  (Abbe’s  Dispersion 15 S P
No.) Curvature) (Distance) Index) Number) Ratio) DD [9] 7 582 7 58 7 589
DD [15] 3.695 3.695 3.695
"”*‘;12 Biggig 1;1?332 1.58313 59.38% 0.5435 DD [19 1 499 59 457 41 907
' ' DD [25] 13.4%83 2.994 6.258
* | _
j 1;2;2; 13'2822 1.74400 4478 0.5636 DD [28 36.009 18.545 2.826
5 -52.2372 2.3299  1.65160 58.55 0.5427 20
6 61.3517 62842 1.53172 48.84 0.5631
7 213.8560 5.1100
8 136.3532  11.2833  1.80400 46.58 0.5573 TABLE 8
9 -94.7857 DD [9]
10 328.4968  8.8107 1.51742  52.43 0.5565 Example 2: Aspherical Surface Coeflicients
11 -66.0762 40007 1.84661 23.78 0.6207 25
12 —106.9894 0.1495 Surface No. 1 Surface No. 3
13 10R.8604 2.4995  1.88100 40.14 0.5701
14 477436  11.0535 1.49700  81.54 0.5375 KA 1.ODOODDOVE+OO - KA 1.00000000E~+00
15 ~274.5647 DD [15] A3 -6.19960130E-06 A4 -5.32R872676FE-06
16 -15632.8276  6.6588 1.49700  81.54  0.5375 i;‘ ;éﬁ;éig;g_gg ig -i‘-;géggfgg-;?
’ A oeas o aras 30 A6 ~3.95088610E-09 A1 ~4.94110009E-14
18 211.2845 24734  1.43875 04.93 0.5343 ' ) ) T ;
190 4209.3691 DD [19] A’ 3.96583237F-11 Al2 1.14406960F-16
20 61.1845  2.9992 1.58913  61.14  0.5407 AS 1.69064292E-12 Al4 -1.61231505E~-19
71 43 1398 6.6406 A9 1.91914204E-15 Al6 1.23793133FE-2
22 ~164.5955  1.1991 1.68893  31.07  0.6004 AlD —4.79410275E-16 Al3 ~3.98065907E-26
73 46 0859 33263 All —6.04038966E-18 A20 6.85445131E-31
24 548700  3.7000 1.78470 2629  0.6136 o> Al2 —3.33911800E~20
95 ~534.4627 DD [25] A:h3 6.15155323E-22
26 ~77.3276  1.1991 1.60300 6544  0.5402 Al4 4.72001812E-23
27 46.9962  2.2700 1.80000  29.84  0.6018 AL 1.23554996L—24
IR 106.8527 DD [28] A:ht‘j :h.65224208E—26
29 (aperture . 12990 Al7 —-1.51203736E-2%
stop) 40 AlR —1.25849261E-29
30 63.5411 24660 1.80518  25.42 0.6162 AlD —1.85915802E~-31
31 443 3579 0.1491 A20 5.94365475FE-33
32 48.6249 8.0301 1.563%4 60.83 0.5408%
33 -172.1528 0.4530 _ _
34 7189845 65377 155332 71 6% 0 5403 Next, a zoom lens according to Example 3 will be
35 ~30.8697  1.1991 1.90366  31.32 0.5948 45 described. FIG. 4 1s a collection of sectional diagrams that
gg 13;'3 2; i i'gﬂ 85000 39 40 0 5086 illustrate the lens configuration of the zoom lens of Example
38 -45.77197 3.0316 3. ‘ -
39 35.1380  6.3252  1.49700  81.54 0.5375 The zoom lens of Example 3 is constituted by a first lens
40 -30.5251 11991 1.88100  40.14 0.5701 group G1 having a positive refractive power which is fixed
41 26.0385 1.611% 50 hil h . 6 ot d 1 G
42 359154  7.8882 1.48749  70.23 0.5301 wihlle cianging magnilicalion, a sccond 1€ns group
43 ~18.4695  1.1999 1.91082  35.25 0.5822 having a negative refractive power which moves while
44 9312713 1.2785 changing magnification, a third lens group G3 having a
45 112.2373 7.2528 1.48749 70.23 0.5301 " . ‘ . :
46 529497 0.0000 positive refractive power which moves while changing
A7 - 23000 151633  64.14 05353 magnification, a fourth lens group G4 having a negative
43 © 30.8700 refractive power which moves while changing magnifica-
tion, and a fifth lens group G5 (final lens group) having a
positive refractive power which 1s fixed while changing
TABI E 6 magnification.

Example 2: Items (related to d line)

60

In addition, basic lens data of the zoom lens of Example

3 are shown

in Table 9, data related to various items of the

zoom lens of Example 3 are shown in Table 10, data related

Wide Angle End Intermediate Telephoto End _
to the distances among movable surfaces of the zoom lens of
Zoom Ratio £-00 L4 L9 Example 3 are shown in Table 11, data related to aspherical
f 13.801 20.563 26911 . —
Bf 32.386 32.386 32.386 65 surface coeflicients of the zoom lens of Example 3 are
F No. 2.71 2.71 2.71 shown 1n Table 12, and various aberrations of the zoom lens

of Example 3 are shown in A through L of FIG. 11.
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TABLE 9

Example 3: Lens Data

Ndi Og, I]
S1 Ri (Re- vd] (Partial
(Surface (Radius of Di fractive  (Abbe’s Dispersion
No.) Curvature) (Distance) Index) Number) Ratio)
*1 10000.0000 4.1998  1.58313 59.38 0.5435
2 32.2211  15.8119
*3 74.8507 2.9994  1.72916 54.68 0.5445
4 33.9087 15.9374
5 —-60.8937 2.0004 1.62230 53.17 0.5542
6 52.2565 7.0614 1.64769 33.79 0.5939
7 268.1345 0.3004
8 80.2515  13.1581 1.51742 52.43 0.5565
9 -263.2128 DD [9]
10 400.3201  12.7251 1.51742 52.43 0.5565
11 —-45.5823 3.0010 1.8051% 25.42 0.6162
12 —-73.2623 0.1509
13 92.2770 2.4002 1.88300  40.80 0.5656
14 47.3282  13.4005 1.49700 81.54 0.5375
15 -131.3566 DD [15]
16 440.5038 6.2316 1.49700 81.54 0.5375
17 —-84.6784 0.1490
18 113.8967 1.8709  1.67790 55.34 0.5473
19 162.6816 DD [19]
20 49.9400 1.9993  1.78472 25.68 0.6162
21 32.6069 5.5028
22 —-172.4815 1.2010 1.60311 60.64 0.5415
23 374416 DD [23]
24 46.7805 3.0176 1.78472 25.68 0.6162
25 148.9296 DD [25]
26 —-38.6766 1.2008  1.60300 65.44 0.5402
27 53.0088 3.4169  1.80000 29.84 0.6018
28 -227.4770 DD [28]
29 (aperture e 1.7011
stop)
30 128.5387 2.9391 1.80518% 25.43 0.6103
31 -102.8542 1.2149  1.80610 33.27 0.5885
32 —-123.8381 4.0718
33 41.9640 6.9852  1.59282 68.63 0.5441
34 —-33.8072 1.2008 1.90366 31.32 0.5948%
35 118.9395 104118
36 230.1445 3.6022 1.84139 24.56 0.6127
37 -48.2639 0.2996
38 33.9414 4.9201  1.49700 81.54 0.5375
39 —-79.9336 1.2007  1.90366 31.32 0.5948
40 28.3339 1.9573
41 47.1420 6.4878 1.56883 56.36 0.5489
42 -25.7955 1.2008 1.91082 35.25 0.5822
43 133.4236 0.1509
44 66.4493 4.8070  1.51633 64.14 0.5353
45 -42.5558 42.1624
46 G 2.3000  1.51633 64.14 0.5353
47 e 6.8700
TABLE 10

Example 3: Items (related to d line)

Z.oom Ratio

f

Bf

F No.
20 [7]
h
Yimg

Wide Angle End

1.00
14.502

50.551
2.76
97.2
39.752
15.75

Intermediate

1.69
24.508
50.551

2.76
64.2

Telephoto End

2.40
34.805

50.551
2.76
47.6

5

10

15

20

25

30

35

40

45

50

55

60

65
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TABLE 11

Example 3: Zoom Distances

Wide Angle End Intermediate Telephoto End

DD [9] 1.999 1.999 1.999

DD [15] 3.194 3.194 3.194

DD [19] 1.500 30.612 46.067

DD [23] 2918 3.870 2.748

DD [25] 32.001 9.39% 4.944

DD [28] 18.948% 11.487 1.607

TABLE 12
Example 3: Aspherical Surface Coeflicients

Surface No. 1 Surface No. 3
KA 1.00000000E+00 KA 1.00000000E+00
A3 0.00000000E+00 A4 -4.48998467E~-06
A4 6.99592748E-06 A6 —-1.63755377E~-09
AS -90.31615918E-08 AR 1.65105078E-11
Ab —1.82380523E-09 A10 -5.56597762E-14
A7 2.16562421E-11 Al2 1.16319351E-16
AR 1.18566591E-12 Al4 -1.53007740E-19
A9 -90.20263760E-16 Al6 1.22395091E-22
Al0 -3.67463235E-16 AlR -5.24386986E-26
All -2.61263836E-18 A20 R.75856166E-30
Al2 8.84168154E-22
Al3 6.90400529E-23
Al4 1.72013889E-23
AlS5 5.70263783E-25
Al6 8.00452042E-27
Al7 1.97107244E-29
AlR —1.77994399E-30
Al19 -1.27198496E-31
A20 —6.59943874E-35

Next, a zoom lens according to Example 4 will be
described. FIG. 5 1s a collection of sectional diagrams that

illustrate the lens configuration of the zoom lens of Example
4.

The zoom lens of Example 4 1s constituted by a first lens
group G1 having a positive refractive power which 1s fixed
while changing magnification, a second lens group G2

having a negative refractive power which moves while
changing magnification, a third lens group G3 having a
positive refractive power which moves while changing
magnification, a fourth lens group G4 having a negative
refractive power which moves while changing magnifica-
tion, and a fifth lens group G5 (final lens group) having a
positive refractive power which 1s fixed while changing
magnification.

In addition, basic lens data of the zoom lens of Example
4 are shown 1n Table 13, data related to various 1items of the
zoom lens of Example 4 are shown 1n Table 14, data related
to the distances among movable surfaces of the zoom lens of
Example 4 are shown 1n Table 13, data related to aspherical
surface coellicients of the zoom lens of Example 4 are
shown 1n Table 16, and various aberrations of the zoom lens

of Example 4 are shown in A through L of FIG. 12.

TABLE 13

Example 4: Lens Data

Ndi Og, I
Sl Ri (Re- vd (Partial
(Surface (Radius of Di fractive  (Abbe’s Dispersion
No.) Curvature) (Distance) Index) Number) Ratio)
*1 10000.0000 4.0006 1.58313 59.38 0.5435

P 329933 17.2882
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4 13-continued

Example 4: Lens Data

US 9,606,336 B2

Sl

(Surface

No.)

3

B WM — O 00 ~ O Lo

A

20

27 (aperture

stop)
28

29
30
31
32
33
34
35
30

37
38
39
40
41
42
43
44
45

Ri
(Radius of
Curvature)

87.0979
33.2350
-58.3333
45.1187
131.6367
81.5665
-160.9692
940.4868
-42.43%80
-66.0091
86.9718
45.5306
—-157.5820
153.1852
-88.9356
43.2939
29.9643
—-194.0683
33.9926
39.1631
151.6252
-44.3515
53.7225
-452.73860

o0

87.3983
-97.70067
-112.2153
47.7318
-33.0684
100.3029
712.8535
—-43.7794
33.0831

—-58.3%870
29.1855
70.9544

-24.37753

250.8216
063.3138

-37.5309

oo

oo

Ndi

(Re-
Di fractive
(Distance) Index)
3.0002 1.58913

16.5350
2.0003 1.58913
6.9705 1.59551
1.8871
11.9999  1.51742
DD [9]

12.8191 1.51742
2.4010 1.80518%
0.1495
2.9994  1.88300

12.8459  1.49700

DD [15]

7.1314  1.49700

DD [17]

2.0008 1.62041
5.8258
1.1993  1.62041

DD [21]

3.6463 1.60342

DD [23]

1.2010  1.60300

3.1924  1.80000
DD [26]

1.3177

3.4625 1.8051%

1.2008 1.80610

0.1498

6.8015 1.59282

1.2010 1.90366

11.8604
3.5246 1.84139
0.2990
54367 1.49700
1.2003  1.90366
2.3905
5.7982  1.568%3
1.2004 1.91082
0.1510
54349 1.51633

42.1624
2.3000  1.51633
7.2740

TABLE 14

vd
(Abbe’s

Number)

01.14

61.14
39.24

52.43

52.43
25.42

40.80
81.54

81.54

60.29

00.29

38.03

05.44
29.84

25.43
33.27

08.63
31.32

24.56

81.54
31.32

56.36
35.25

04.14

04.14

Example 4: Items (related to d line)

Og, )
(Partial

Dispersion

Ratio)

0.5407

0.5407
0.5804

0.5565

0.5565
0.6162

0.5656
0.5375

0.5375
0.5427
0.5427
0.5836

0.5402
0.6018

0.6103
0.5885

0.5441
0.5948

0.0127

0.5375
0.5948

0.54%89
0.5822

0.5353

0.5353

10

15

20

25

30

35

40

45

16
TABLE 15-continued

Example 4: Zoom Distances

Wide Angle End Intermediate Telephoto End

DD [21] 2,708 3.660 2.53%

DD [23] 28.703 7.715 4.698

DD [26] 21.115 12.655 1.796

TABLE 16
Example 4: Aspherical Surface Coeflicients

Surface No. 1 Surface No. 3
KA 1.00000000E+00 KA 1.00000000E+00
A3 0.00000000E+00 A4 —-5.29504060E-06
A4 6.75059893E-06 A6 -5.71449059E~-10
AS —-R.28752745E-08 AR 1.57517676E-11
Ab —1.96498556E-09 A10 -5.54412820E~-14
A7 2.02284701E-11 A12 1.16432393E-16
AR 1.18830034E-12 Al4 -1.53241444E-19
A9 -5.05719925E-16 Alb 1.22413439E-22
Al10 -3.57264124E-16 AlR -5.26028411E-26
All -2.39742061E-18 A20 8.89038276E~-30
Al2 4.34277976E-21
Al3 1.09559279E-22
Al4 1.67422397E-23
AlS 5.24037655E-25
Al6 6.31296722E-27
Al7 -2.61711042E-29
AlR -2.31751638E-30
Al19 -1.27029101E-31
A20 1.16955006E-33

Next, a zoom lens according to Example 5

will be

described. FIG. 6 1s a collection of sectional diagrams that

illustrate the lens configuration of the zoom lens of .
3.

Hxample

The zoom lens of Example 5 1s constituted by a first lens
group G1 having a positive refractive power which 1s fixed
while changing magnification, a second lens group G2
having a negative refractive power which moves while
changing magnification, a third lens group G3 having a
positive refractive power which moves while changing
magnification, a fourth lens group G4 having a negative
refractive power which moves while changing magnifica-
tion, and a fifth lens group G5 (final lens group) having a
positive refractive power which 1s fixed while changing

magnification.

In addition, basic lens data of the zoom lens of |

Hxample

5 are shown 1n Table 17, data related to various 1tems of the

Wide Angle End ~ Intermediate  lelephoto End 50 760m lens of Example 5 are shown in Table 18, data related
7 oom Ratio 100 1 69 5 40 to the distances among.movable surfaces of the zoom lents of
f! 14.502 24.509 34.805 Example 5 are shown 1n Table 19, data related to aspherical
BY 50.954 50.954 50.954 surface coeflicients of the zoom lens of Example 5 are
20 [°] 07 0 o> 476 shown 1n Table 20, and various aberrations ot the zoom lens
h 40 475 2> of Example 5 are shown in A through L of FIG. 13.
Yimg 15.75
TABLE 17
_ Example 5: Lens Data
TABLE 15 60
Og, T
Example 4: Zoom Distances Sl R1 Ndi vd (Partial
(Surface (Radius of Di (Refractive (Abbe’s  Dispersion
Wide Angle End Intermediate Telephoto End No.) Curvature) (Distance) Index) Number) Ratio)
DD [9] 2.001 2.001 2.001 *1 0996.1662 3.9990 1.58313 59.38 0.5435
DD [15] 4.351 4,351 4,351 65 2 33.0268 17.6736
DD [17] 1.648 30.144 45.142 *3 02.7441 3.0004 1.56384 60.67 0.5403
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TABLE 19-continued

17
TABLE 17-continued

Example 5: Lens Data Example 5: Zoom Distances

Og, L] Wide Angle End Intermediate Telephoto End
Si Ri Ndi vd] (Partial —
(Surface (Radius of Di (Refractive  (Abbe’s  Dispersion DD :21: 2.704 3.650 2.5335
No.) Curvature) (Distance) Index) Number) Ratio) DD [23] 28.332 7.585 4.692
DD [26] 21.359 12.719 1.787
4 32.9830 16.7002
5 —57.7257 2.0009 1.56384 60.67 0.5403
6 44.42°73 6.9894 1.59551 39.24 0.5804 10
7 123.486% 2.2107 TABIE 20
8 81.8371 11.0878 1.51742 52.43 0.5365 _
_ ) -175.4565 DD [9] Example 5: Aspherical Surface Coeflicients
10 008.4134 12.8193 1.51742 52.43 0.5565
11 —42.4326 2.4005 1.8051% 2542 0.6162
Surface No. 1 Surface No. 3
12 -65.6231  0.1510 5 o o
13 86.6019 24000 183300 40.30 0.5656 KA 1.00000000E+00 KA 1.00000000E+00
:/—1 45,0903 12.7416 1.49700 81.54 0.5375 A3 0.00000000E+00 A4 _5345576R5E-06
15 -168.5297 DD [13] A4 6.62012404E-06 A6 -4.77918366E-10
16 144.0425  7.2491  1.49700 81.54  0.5375 A5 8 009R0016E_08 A8 | 5607R008F_11
17 -89.5821 DD [17] A6 ~1.97332847E-09 A10 ~5.54192293E~14
1% 43.5673 2.0001 1.62041 60.29 0.5427 » A7 7 003228R87FE-11 A1? 1.16440250F—16
19 29.8335  5.8291 A8 1.18543694E-12 Al4 ~1.53260905E~-19
20 —200.53%87 1.2005 1.62041 60.29 0.5427 AQ _5672931037E-16 Al6 1.22421216E-22
21 340496 DD [21] A10 ~3.58303992E-16 Al8 ~5.25557609E-26
22 39,1990 3.6683 1.60342 3%.03 0.5836 A1l 2 40915082F-18 A?20 R R4678479F—-30
23 156.1540 = DD [23] Al12 4.42425152E-21
24 —-43.9071 1.2006 1.60300 65.44 0.5402 A13 1 18549232F-22
25 54,0052 3.1865 1.80000 23.84 0.6018 25 Al4 1 69519099F—23
26 -430.7076 DD [26] Al5 5.26851207E-25
27 ® 1.3026 Al6 6.24066577E-27
(aperture Al7 ~2.83311374E-29
stop ) AlS ~2.36817680E~-30
28 85.9546 34471 1.8O51R 25.43 0.6103 A19 _1.28243816E-=31
29 —100.1930 1.1997 1.80610 33.27 0.5885 30 AD0 1.23191223FE-33
30 —110.4660 0.1505
31 4%.3759 6.7674 1.53282 68.63 0.5441
gg Igé-igé 11-;223 1.90366 313205948 Next, a zoom lens according to Example 6 will be
14 7183071 35385 1.84130 24 56 06197 flescrlbed. FIG. 7 15 a Collef:tlon of sectional dlagljams that
35 ~43.5209  0.2992 .5 1llustrate the lens configuration of the zoom lens of Example
36 33.2408 54687 1.49°700 81.54 0.5375 6.
37 —56.8048 1.2002 1.90366 31.32 0.5948 . .
2g 01867 23506 The zoom lens of Example 6 1s constituted by a first lens
30 628377 6.9050 | 56883 56.36 0 5480 group G1 having a positive refractive power which 1s fixed
40 -24.2121  1.2004 1.91082 35.25 0.5822 while changing magnification, a second lens group G2
41 224.8661  0.1499 40 having a negative relractive power which moves while
jg gé'gggj 4;?;32 151633 o414 U-2333 changing magnification, a third lens group G3 having a
44 " 5 3000 | 51633 6414 05351 posm“}fe r;fractwe power which moves vﬂ.:*hﬂe Chang{ng
45 o 6.7840 magnification, a fourth lens group G4 having a negative
refractive power which moves while changing magnifica-
45 tion, and a fifth lens group G5 (final lens group) having a
- ositive refractive power which 1s fixed while changin
TABLE 18 P P B8

Example 5: Items (related to d line)

magnification.

In addition, basic lens data of the zoom lens of |

Hxample

6 are shown 1n Table 21, data related to various 1tems of the

Wide Angle End ~ Intermediate  lelephoto End 50 760m lens of Example 6 are shown in Table 22, data related
7 oom Ratio 100 1 69 5 40 to the distances among.movable surfaces of the zoom lents of
f! 14.502 24.508 34.805 Example 6 are shown 1n Table 23, data related to aspherical
BY 50.4065 50.465 50.465 surface coeflicients of the zoom lens of Example 6 are
F No. 2.76 2.76 2.76 . . .
; shown 1n Table 24, and various aberrations of the zoom lens
20 [°] 97.0 64.2 47.6 Y :
h 40 585 5> of Example 6 are shown in A through L of FIG. 14.
Yimg 15.75
TABLE 21
_ Example 6: Lens Data
TABLE 19 60
Og, I
Example 5: Zoom Distances Sl R1 Ndi vd (Partial
(Surface (Radius of Di (Refractive  (Abbe’s Dispersion
Wide Angle End Intermediate Telephoto End No.) Curvature) (Distance) Index) Number) Ratio)
DD [9] 2.001 2.001 2.001 *1 833.2049 4.2000 1.58313 59.38 0.5435
DD [15] 4.134 4.134 4,134 65 2 31.7636  17.9002
DD [17] 1.650 30.084 45,030 *3 127.6910 3.0000 1.72916 54.68 0.5445
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TABLE 21-continued TABLE 23
Example 6: Lens Data Fxample 6: Zoom Distances
. Wide Angle End Intermediate Telephoto End
Og, b1 3
S1 Ri Ndi vd] (Partial DD [9] 1.999 1.999 1.999
(Surface (Radius of D1 (Refractive  (Abbe’s Dispersion DD [15] 3.720 3.720 3.720
No.) Curvature) (Distance) Index) Number) Ratio) DD [19 1.500 31.951 47.943
DD [23] 3.097 3.96% 2.812
4 34.3126 14.6813 DD 25 31.053 8.441 4.417
5 ~69.9234  2.0609  1.65100 56.16 0.5482 10 DD [28 21.337 12.628 1.816
6 45.5660 9.2669 1.80610 40.92 0.5702
7 57R8.7597 2.3162
8 93.6917 7.8281 1.51742 52.43 0.5365 .
9 ~256.4813 DD [9] 1ABLE 24
10 11.3461 1.51742 52.43 0.5365 . .
J * 15 Example 6: Aspherical Surface Coeflicients
11 —44.77600 3.0000 1.80518 2542 0.6162
12 —73.1209 0.1503 Surface No. 1 Surface No. 3
13 96.2962 2.4200 1.88300 40.80 0.5656 —————————————————————————
14 46.8100  12.4094 1.49700 81.54 0.5375 KA 1.00000VDOE+00 - KA 1.00O000DOOE+OO
s was oo S e e
16 051.6580  6.3106  1.49700 81.54 05375 20 7 309130R4F_08  AS 1 5058985 7TF_11
17 —/7.2853  0.1509 A6 ~1.96775959E-09 A10 ~5.49266080E-14
18 163.9945 3.0654 1.51633 64.14 0.5353 A7 1.87763145E-11 Al2 1.165598Q0E~-16
19 o0 DD [19] AR 1.19443930E-12 Al4 —1.54783593E-19
20 57.6292  2.0006  1.80519 25.40 0.6157 fo 3?332232;?}2 i}g 532;‘;22’1‘?;2
<! 217568 50873 2> All ~2.53695199E-18 A20 8.61685265E-30
22 ~146.0915  1.2000  1.62041 60.29  0.5427 ALD 43886076121
23 41.6554 DD [23] Al3 ~1.40947481E-22
24 54.8186 3.0165 1.78472 25.68 0.6162 Al4 1.29050477E-23
75 265.6294 DD [25] Al 5.05727148E-25
Alb 8.41600054E-27
26 —43.8649 1.2000 1.60300 65.44 0.5402
30 Al17 1.65092551E-28
27 56.3300 3.0813 1.80000 29.84 0.6018 AlR _R I9887320F-31
28 -477.8065 DD [28] A19 ~8.12713794E-32
29 o 1.3000 A20 —1.81223806E-33
(aperture
>LP) 35  Next, a zoom lens according to Example 7 will be
30 83.3692  2.1698  1.80518 25.42 0.6162 At , _ _ _
11 6339100 21715 1 20400 46.58 0 5573 fiescrlbed. FIG. 8 15 a collef:tlon of sectional dlagljams that
39 _187.0801  6.315% illustrate the lens configuration of the zoom lens of Example
33 36.6370 6.9118 1.61800 63.33 0.5441 7.
34 ~36.6370  1.2000 1.90366 31.32 0.5948 The zoom lens of Example 7 1s constituted by a first lens
35 63.4913 124536 40 group 1 having a positive refractive power which 1s fixed
36 218.6049  3.7518 1.84139 24.56 0.6127 while changing magnification, a second lens group G2
37 -45.5768  0.3017 having a negative refractive power which moves while
38 31.9703  5.6143 1.49700 81.54 0.5375 changing magnification, a third lens group G3 having a
39 -61.6770 12000 1.91082 35.25 0.5822 positive refractive power which moves while changing
40 26,9714 1.6352 45 magnification, a fourth lens group G4 having a negative
~1 33.2963  7.2686 151633 64.14  0.5353 refractive power which moves while changing magnifica-
42 —20.3200  1.2000 1.9108. 33.25 00822 tion, and a fifth lens group G5 (final lens group) having a
43 122.8536  0.2203 positive refractive power which is fixed while changing
44 59.1966 4.9714 1.51633 64.14 0.5353 magniﬁcation.
43 —40.6277  37.6430 so  In addition, basic lens data of the zoom lens of Example
46 ® 23000 1.51633 64.14 0.5353 7 are shown in Table 25, data related to various items of the
47 * 2.7960 zoom lens of Example 7 are shown in Table 26, data related
to the distances among movable surfaces of the zoom lens of
Example 7 are shown 1n Table 27, data related to aspherical
TARILE 29 55 surface. coeflicients of the: Z0om len§ of Example 7 are
shown 1n Table 28, and various aberrations of the zoom lens
Example 6: Items (related to d line) of Example 7 are shown 1n A through L of FIG. 15.
Wide Angle End Intermediate Telephoto End TARLE 25
Zoom Ratio 1.00 1.69 2.40 60
f 14.503 24.510 34.808 Example 7: Lens Data
Bf 44.956 44.956 44.956 | | |
F No. 2.75 2.75 2.75 R1 Ndi Og, I
2w [°] 97 2 640 47 6 Sl (Radius of Di (Refractive (Abbe’s
h 30 391 (Surface No.) Curvature) (Distance) Index) Number)
Yimg 15.75
65 *1 474.1079 4.0745 1.88000 36.02

P 38.1537 15.3232
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4 25-continued

Example 7: Lens Data

US 9,606,336 B2

S

(Surface No.)

%
e

oo ~1 Oy tn B oo b = D N o =] Oy th I

RO O L N
b o= D ND

*23
24
25
26
27
28
29
30
31
32 (aperture
stop)
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Ri
(Radius of

Curvature)

57.6675
32.3563
-111.1467
140.5909
101.7368
-77.3379
-615.4996
301.7285
—-83.3740
87.3406
-86.3341
-69.4525
-82.1391
205.8050
47.9172

-188.9332
275.6761
-76.47%81
123.8611
240.6510
67.8102
31.7225
-484.3459
63.9111
56.2453
158.3898%
-47.7543
64.6989

-552.2441

o0

459.5820
—-127.7905
90.0800
-14886.6570
95.5653
-39.6539
—-251.4526
90.7134
-50.6603
44.6260
-26.8777
26.3581
39.0893
-21.5664
-470.8190
70.5057
—-28.043%

D1

(Distance)

3.0000
15.944%
1.2000
1.2000
8.0019
1.2000
6.6907
9.6136
1.1964
15.9509
2.9828
1.7988
1.5524
0.9859
14.8863

5.4496
11.0517
0.3443
2.7878
DD [22]
1.2534
4.2411
1.2000
DD [26]
2.3229
DD [28]
1.2000
2.9294
DD [31]
0.2993

24215
0.29770
2.8112
7.8174
10.1929
1.6944
19.7231
4.4685
8.2083
0.1506
1.1999
1.075%
7.7742
1.2000
3.6661
8.5184
0.0000

Ndi

(Refractive

Index)

1.88000

1.88300
1.88300

1.43500

1.87999

1.43956

1.88000

1.88001
1.43501

1.56570

1.44152

1.88000

1.68126

1.79506

1.56867
1.88000

1.43501

1.74142

1.55514
1.85632

1.46016

1.63441
1.879%80

1.52585
1.8776%

1.46393

Og, L)

(Abbe’s
Number)

40.00

40.76
40.76

82.06

34.4%

R7.94

24.6%

33.30
86.05

69.89

89.00

40.00

57.44

25.25

65.78
28.37

89.63

27.93

71.35
34.30

62.61

34.69
25.5%

50.15
40.23

85.55
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4 25-continued

Example 7: Lens Data

S1
(Surface No.)

>0
51

Ri Ndi Og, L]
(Radius of Di (Refractive (Abbe’s
Curvature) (Distance) Index) Number)

e 3.7000 1.51633 64.14

e 29.5110

TABLE 26

Example 7: Items (related to d line)

Wide Angle End Intermediate Telephoto End
Zoom Ratio 1.00 1.50 2.40
f 10.348% 15.522 24.834
Bf 31.950 31.950 31.950
F No. 2.67 2.67 2.67
2m [°] 115.8 8904 63.4
h 45.011
Yimg 15.75
TABLE 27
Example 7: Zoom Distances
Wide Angle End Intermediate Telephoto End

DD [22] 1.500 24.832 46.278

DD [26] 7.494 8.700 6.716

DD [28] 31.917 11.571 4,959

DD [31] 18.568% 14.375 1.526

TABLE 28
Example 7: Aspherical Surface Coeflicients
Surface No.
1 3 23

KA 1.00000000E+00 1.00000000E+00 1.00000000E+00
A3 0.00000000E+00 0.00000000E+00 0.00000000E+00
A4 5.18882505E-06  —=5.14249825E-06  —=5.25532447E-07
AS 0.00000000E+00 0.00000000E+00 0.00000000E+00
Ab —-3.23450934E-09 5.12834157E-11 8.34301502E-10
A7 0.00000000E+00 0.00000000E+00 0.00000000E+00
AR 1.98740330E-12 1.14153099E-12  -4.93172362E-12
A9 0.00000000E+00 0.00000000E+00 0.00000000E+00
Al0 —-6.83584428E-16  —3.42331893E-16 1.06735795E-14
All 0.00000000E+00 0.00000000E+00 0.00000000E+00
Al2 1.14552162E-19  -1.12891019E-21 ~7.89012953E-1%
Al3 0.00000000E+00 0.00000000E+00 0.00000000E+00
Al4 0.00000000E+00 0.00000000E+00 0.00000000E+00
AlS 0.00000000E+00 0.00000000E+00 0.00000000E+00
Al6 0.00000000E+00 0.00000000E+00 0.00000000E+00
Al7 0.00000000E+00 0.00000000E+00 0.00000000E+00
AlR 0.00000000E+00 0.00000000E+00 0.00000000E+00
Al19 0.00000000E+00 0.00000000E+00 0.00000000E+00
A20 0.00000000E+00 0.00000000E+00 0.00000000E+00

In addition, Table 29 shows values corresponding to
Conditional Formulae (1) through (4) for Examples 1
through 7. Note that all of the Examples use the d line as a
reference wavelength, and the values shown 1n Table 29 are
those with respect to the reference wavelength.
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TABLE 29

Conditional
Formula Formula

(1) h/(Yimg x tan®) 2.12 2.06 2.23 2.27
(2) nla 1.663 1.663 1.620 1.575
(3) f13/f1 2.59 2.66 2.64 2.78
(4) f11/Yimg ~1.89 ~1.85 ~1.68 ~1.68

Based on the data above, all of the zoom lenses of
Examples 1 through 6 satisfy Conditional Formulae (1)
through (4), and the zoom lens of Example 7 satisfies
Conditional Formulae (1), (3), and (4). Therefore, it can be
understood that these zoom lenses are high performance
zoom lenses having wide angles of view, while being
compact and lightweight.

Next, an 1imaging apparatus according to an embodiment
of the present invention will be described. FIG. 16 1s a
schematic diagram that illustrates the configuration of an
imaging apparatus equipped with a zoom lens according to
an embodiment of the present invention as an example of an
imaging apparatus according to the embodiment of the
present invention. Note that FIG. 16 schematically illustrates
cach of the lens groups. Examples of this imaging apparatus
include a video camera and an electronic still camera having
a solid state 1imaging element such as a CCD and a CMOS
as a recording medium.

The 1maging apparatus 10 illustrated in FIG. 16 1s
equipped with an 1imaging lens 1, a filter 6 that functions as
a low pass filter or the like, provided toward the 1image side
of the imaging lens 1, an 1imaging element 7 provided toward
the image side of the filter 6, and a signal processing circuit
8. The imaging element 7 converts optical images formed by
the 1imaging lens 1 into electrical signals. A CCD (Charge
Coupled Device) or a CMOS (Complementary Metal Oxide
Semiconductor) may be employed as the imaging element 7,
for example. The 1maging element 7 1s provided such that
the 1maging surface thereof 1s positioned at the image
formation plane of the imaging lens 1.

Images obtained by the imaging lens 1 are formed on the
imaging surface ol the imaging element 7. Output signals
from the imaging element 7 related to the images undergo
calculation processes at the signal processing circuit 8, and
the 1mages are displayed by a display device 9.

The present invention has been described 1n connection
with the embodiments and the Examples. However, the
zoom lens of the present mvention 1s not limited to the
embodiments and Examples described above, and various
modifications are possible. For example, the values of the
radin of curvature, the distances among surfaces, and the
refractive indices, etc., of each lens component are not
limited to the numerical values indicated 1n connection with
the Examples, and may be other values.

What 1s claimed 1s:

1. A zoom lens, comprising:;

a first lens group having a positive refractive power which
1s fixed while changing magnification;

two or more movable lens groups that move indepen-
dently from each other while changing magnification;
and

a 1inal lens group having a positive refractive power
which 1s fixed while changing magnification, provided
in this order from an object side;

the zoom lens satisfying Conditional Formula (1) below:

1.30<A/(Yimg-tan 6)<2.37 (1)
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Example 1 Example 2 Example 3 Example 4 Example 5 Example 6 Example 7

2.28% 2.21 1.79

1.565 1.657 1.807

2.73 2.28 2.85
-1.69 —-1.84 1.79

wherein h 1s the height at which a chief ray of light having
a maximum 1mage height enters a first surface at a wide
angle end, Yimg 1s the maximum image height, and 0
1s the half angle of view at the wide angle end.

2. A 7zoom lens as defined 1n claim 1, wherein:

the first lens group comprises an eleven lens group having
a negative refractive power, a twelve lens group having
a positive refractive power, and a thirteen lens group
having a positive refractive power; and

the twelve lens group moves to perform focusing opera-
tions.

3. A zoom lens as defined i claim 2 that satisfies

Conditional Formula (3) below:

1.95</13/f1<3.00 (3)

wherein 11 1s the focal length of the first lens group, and
113 1s the focal length of the thirteen lens group.
4. A zoom lens as defined i claim 2 that satisfies
Conditional Formula (4) below:

~2.20<f11/Yimg<-1.50 (4)

wherein 111 1s the focal length of the eleven lens group,
and Yimg 1s a maximum i1mage height.

5. A zoom lens as defined in claim 2, wherein:

the twelve lens group comprises two pairs of cemented
lenses.

6. A zoom lens as defined 1n claim 5, wherein:

the two pairs of cemented lenses are a cemented lens
formed by a positive lens and a negative lens, and a
cemented lens formed by a negative lens and a positive
lens, provided 1n this order from the object side.

7. A zoom lens as defined in claim 2 that satisfies

Conditional Formula (2-1) below:

1.530<n1a<1.665 (2-1)

wherein nla 1s the average refractive index of the eleven
lens group with respect to the d line.
8. A zoom lens as defined i claim 2 that satisfies
Conditional Formula (3-1) below:

2.10<13/f1<2.90 (3-1)

wherein 11 1s the focal length of the first lens group, and
113 1s the focal length of the thirteen lens group.
9. A zoom lens as defined i claim 2 that satisfies
Conditional Formula (3-2) below:

2.20<13/f1<2.80 (3-2)

wherein 11 1s the focal length of the first lens group, and
113 1s the focal length of the thirteen lens group.
10. A zoom lens as defined in claim 2 that satisfies
Conditional Formula (4-1) below:

~2.10<f11/¥img<-1.60 (4-1)

wherein 111 1s the focal length of the eleven lens group.,
and Yimg 1s a maximum i1mage height.
11. A zoom lens as defined 1n claim 2 that satisfies
Conditional Formula (4-2) below:

~2.00<f11/¥img<—1.65 (4-2)
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wherein 111 1s the focal length of the eleven lens group,
and Yimg 1s a maximum i1mage height.

12. A zoom lens as defined in claim 1, wherein:

a second lens group having a negative refractive power
and a third lens group having a negative refractive
power are provided 1n this order from the object side as
the movable lens groups.

13. A zoom lens as defined in claim 1, wherein:

a second lens group having a negative refractive power, a
third lens group having a positive refractive power, and
a fourth lens group having a negative refractive power
are provided 1n this order from the object side as the

movable lens groups.
14. A zoom lens as defined 1 claam 1 that satisfies
Conditional Formula (1-1) below:

1.70<k/(Yimg-tan 0)<2.37 (1-1)

wherein h 1s the height at which a chief ray of light having
a maximum 1mage height enters a first surface at a wide
angle end, Yimg 1s the maximum image height, and 0
1s the half angle of view at the wide angle end.

15. An 1maging apparatus equipped with the zoom lens

defined 1n claim 1.

16. A zoom lens, comprising:

a first lens group having a positive refractive power which
1s fixed while changing magnification;

two or more movable lens groups that move indepen-
dently from each other while changing magnification;
and

a final lens group having a positive refractive power
which 1s fixed while changing magnification, provided
in this order from an object side;
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the first lens group comprising an eleven lens group

having a negative refractive power, a twelve lens group

having a positive refractive power, and a thirteen lens
group having a positive refractive power;

the twelve lens group moving to perform focusing opera-
tions; and

the zoom lens satisiying Conditional Formula (2) below:

1.530<11a<1.670 (2)

wherein nla is the average refractive index of the eleven
lens group with respect to the d line, wherein,

a second lens group having a negative refractive power
and a third lens group having a negative refractive
power are provided 1n this order from the object side as
the movable lens groups.

17. A zoom lens as defined 1n claim 16 that satisfies

Conditional Formula (3) below:

1.95</13/f1<3.00 (3)

wherein 11 1s the focal length of the first lens group, and
113 1s the focal length of the thirteen lens group.
18. A zoom lens as defined 1 claim 16 that satisfies
Conditional Formula (4) below:

~2.20<f11/¥img<-1.50 (4)

wherein 111 1s the focal length of the eleven lens group,
and Yimg 1s a maximum i1mage height.
19. An 1maging apparatus equipped with the zoom lens
defined 1n claim 16.
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